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MicroRNAs (miRNAs) control gene expression in
animals and plants. Like another class of small
RNAs, siRNAs, they affect gene expression post-
transcriptionally. While siRNAs in addition act in
transcriptional gene silencing, a role of miRNAs in
transcriptional regulation has been less clear. We
show here that in moss Physcomitrella patens
mutants without a DICER-LIKE1b gene, maturation
of miRNAs is normal but cleavage of target RNAs is
abolished and levels of these transcripts are drasti-
cally reduced. These mutants accumulate miRNA:
target-RNA duplexes and show hypermethylation of
the genes encoding target RNAs, leading to gene
silencing. This pathway occurs also in the wild-type
upon hormone treatment. We propose that initiation
of epigenetic silencing by DNA methylation depends
on the ratio of the miRNA and its target RNA.
INTRODUCTION
Small RNAs (sRNAs) are potent regulators of posttranscriptional
and transcriptional gene expression (Carthew and Sontheimer,
2009; Voinnet, 2009). In plants, miRNAs produced from
hairpin-like precursor transcripts are also required for the
biogenesis of trans-acting small interfering RNAs (ta-siRNAs).
Both miRNAs and ta-siRNAs regulate mRNA stability and trans-
lation. Another class of sRNAs, siRNAs, processed from
perfectly double-stranded RNA (dsRNA), posttranscriptionally
silence transposons, viruses, and transgenes and are important
for DNA methylation (Baulcombe, 2004; Matzke et al., 2007).
Evidence for a similar function of microRNAs (miRNAs) in DNA
methylation is limited. The biogenesis of sRNAs from dsRNA is
catalyzed by Dicer proteins. The number of different Dicer
proteins varies between organisms, reflecting different degrees
of specialization. For example, in D. melanogaster, Dcr1produces miRNAs from hairpin precursors, whereas Dcr2 gener-
ates siRNAs from dsRNA (Tomari and Zamore, 2005), while in
C. elegans the only Dicer protein produces sRNAs from different
dsRNA triggers (Duchaine et al., 2006). Besides their function in
dicing dsRNA, animal Dicers together with accessory proteins
act in RNA-induced silencing complex (RISC) or RISC loading
complexes (Doi et al., 2003; Pham et al., 2004). Thus, Dicer
proteins are also essential components in the executive phase
of RNA interference (RNAi), indicating that miRNA/siRNA
processing and target RNA cleavage are coupled.
In the seed plant A. thaliana, four Dicer proteins (AtDCL1–4)
act in different sRNA pathways (Gasciolli et al., 2005; Henderson
et al., 2006). The maturation of miRNAs from imperfect RNA
foldbacks relies on AtDCL1. In consequence, Atdcl1 mutants
show reduced miRNA levels and increased target mRNA levels,
resulting in multiple developmental defects (Golden et al., 2002;
Park et al., 2002). AtDCL2 mediates the generation of siRNAs
from exogenous RNA (Xie et al., 2004), AtDCL3 acts in the
formation of heterochromatin-associated endogenous siRNAs
(Herr et al., 2005; Xie et al., 2004), and AtDCL4 is needed for
the formation of ta-siRNAs acting in cell-to-cell transmission of
silencing signals (Dunoyer et al., 2005; Xie et al., 2005).
A moss, Physcomitrella patens, likewise harbors four DCL
proteins (Axtell et al., 2007). PpDCL1a and PpDCL1b are similar
to AtDCL1. PpDCL3 and PpDCL4 are orthologs of AtDCL3 and
AtDCL4, whereas an AtDCL2 ortholog is lacking. Like AtDCL1,
the primary PpDCL1a transcript harbors an intronic miRNA
precursor, suggesting a conserved autoregulatory control (Axtell
et al., 2007). We created null mutants of PpDCL1a and
PpDCL1b, respectively, by reverse genetics. Their analysis
revealed significant functional differences between both proteins
and suggest a feedback control of gene expression involving
miRNAs and DNA methylation.RESULTS
Requirement of PpDCL1a for miRNA Biogenesis
Utilizing efficient gene targeting in P. patens (Strepp et al., 1998),
we generated two PpDCL1a null mutants (DPpDCL1a) (Figure S1Cell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc. 111
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Figure 1. Analysis of DPpDCL1a Mutants
(A) Protonema of identical density from the WT and two
DPpDCL1a mutants grown for 28 days on solid medium.
(B) Protonema grown in liquid culture.
(C) RT-PCR of miR156, 160, 166, and 390.
(D) RT-PCR of ta-siRNAs pptA013298 (from PpTAS3)
and pptA079444 (from PpTAS1).
(E) Semiquantitative RT-PCR of miRNA targets in the
WT and DPpDCL1a. Bars indicate standard errors (n = 3).
See Figure S1 for further molecular analyses and Figure S2
for phenotypic comparison with DPpDCL1b mutants.available online). Loss of PpDCL1a resulted in developmental
disorders and abnormalities in cell size and shape. Growth of
the mutants was severely retarded on minimal medium but
slightly better when supplied with vitamins and glucose. In all
conditions, DPpDCL1a were developmentally arrested at the
filamentous protonema and did not form leafy stems (Figures
1A and 1B, and Figures S2G and S2H).
To test miRNA biogenesis in these barely growing mutants,
we analyzed the accumulation of miR156, 160, 166, and 390
(Arazi et al., 2005; Fattash et al., 2007) by RT-PCR (Varkonyi-
Gasic et al., 2007) and sequenced the products as a control.
Levels of miR156, 160, and 166 were drastically reduced and
miR390 was undetectable in DPpDCL1a (Figure 1C). In P.
patens, ta-siRNA precursors (PpTAS1–4 RNAs) are cleaved at
two distinct miR390 target sites. Subsequently, dsRNAs are
generated and processed in a phased manner to generate
ta-siRNAs (Axtell et al., 2006; Talmor-Neiman et al., 2006).112 Cell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc.Two ta-siRNAs (pptA079444 from PpTAS1
and pptA013298 from PpTAS3) (Axtell et al.,
2006) were present in the wild-type (WT) but
absent in DPpDCL1a (Figure 1D), indicating
that lack of miR390 abolishes ta-siRNA produc-
tion. To test whether reduced miRNAs levels
result in elevated levels of target mRNAs, as
described for A. thaliana dcl1 mutants, we
analyzed miR156 target PpSBP3 (Arazi et al.,
2005), miR166 targets PpC3HDZIP1 and
PpHB10 (Axtell et al., 2007; Floyd and Bowman,
2004), miR160 target PpARF (Fattash et al.,
2007), and miR390 target PpTAS1 (Axtell
et al., 2006). All target RNAs accumulated to
higher levels in DPpDCL1a (Figure 1E),
revealing that PpDCL1a is the major P. patens
DCL protein for miRNA biogenesis and thus
the functional equivalent of AtDCL1.
Requirement of PpDCL1b
for miRNA-Guided Target Cleavage
To test possible redundancies between the two
DCL1 homologs in moss, we additionally gener-
ated four PpDCL1b null mutants (DPpDCL1b)
(Figure S2). These were affected in cell division,
growth polarity, cell size, cell shape, and differ-
entiation (Figure 2A and Figure S3A). In contrast
to DPpDCL1a, DPpDCL1b grew faster anddeveloped some malformed leafy stems (Figure 2B and
Figure S3B). Thus, albeit DPpDCL1a and DPpDCL1b exhibited
severe defects, their phenotypes differed (Figures S2G and
S2H).
The levels of six different miRNAs (miR156, 160, 166, 390, 535,
and 538) (Arazi et al., 2005; Fattash et al., 2007) in DPpDCL1b
were like in the WT (Figures 2C–2E), revealing that PpDCL1b is
not pivotal for miRNA maturation and that the strong mutant
phenotype does not result from abolished miRNAs. Subse-
quently, cleavage of the miRNA targets PpARF, PpC3HDZIP1,
PpHB10, and PpSBP3 in the WT was verified by 50 RACE,
complementary DNA (cDNA) cloning, and sequencing (Fig-
ure 3A). An mRNA (PpGNT1) (Koprivova et al., 2003) that is no
miRNA target served as control (Figure 3A). AlthoughDPpDCL1b
accumulated normal levels of miRNAs, miRNA targets were not
cleaved (Figure 3A), revealing a surprising requirement of
PpDCL1b for miRNA-guided RNA cleavage.
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Figure 2. Analysis of DPpDCL1b Mutants
(A) Regeneration of protoplasts from the WT and
DPpDCL1b mutant 1 over indicated time points. Scale
bars represent 100 mm, or 500 mm for the 18-day-old and
8-week-old plants
(B) Scanning electron micrographs of gametophores.
(C) RNAblots with 30 mg total RNA fromprotonema probed
for miR156, miR390, miR535, and miR538. An antisense
probe for U6snRNA served as loading control.
(D) RNA blot with 80 mg total RNA from protonema treated
with 5 mM auxin (NAA) for 8 hr probed for miR160.
(E) RNA blot with 80 mg total RNA from gametophores
probed for miR166. EtBr staining served as a loading
control at the bottom of (D) and (E).
See Figure S2 for further molecular analyses, complete
images of blots including size markers, and phenotypic
comparison with DPpDCL1a mutants and Figure S3 for
phenotypes of other DPpDCL1b mutants.Generation of Transitive siRNA Triggered
by miRNA-Guided Transcript Cleavage
In theWT, we detected 50 RACE products resulting frommiRNA-
guided cleavage of target RNA, as well as various shorter and
longer products (Figure 3A). Analogous to other plants, where
targeting of transcripts with dsRNA-derived siRNAs or multiple
miRNAs (Axtell et al., 2006; Howell et al., 2007; Vaistij et al.,
2002) causes production of secondary siRNAs, the miRNA
cleavage products detected here may serve as templates for
synthesizing cRNA by RNA-dependent RNA polymerase (RdRP).
Subsequently, dsRNAs may be processed into secondary
siRNAs that spread the initial trigger (Figure 3B). In seed plants,
this phenomenon, known as transitivity, was rarely observed in
miRNA-based regulation of gene expression (Axtell et al., 2006;
Howell et al., 2007) but may be more prevalent than suspected
(Luo et al., 2009). In accordance with possible transitivity in
P. patens, we could synthesize cDNAs from sense and antisense
strands of miRNA target mRNAs (PpARF and PpC3HDZIP1),
indicating thepresenceof dsRNA, in theWTbutnot inDPpDCL1b
(Figure 3C). To determine whether transitive siRNAs were gener-
ated from these dsRNAs, we performed RNA blots with probes
for sequences upstreamanddownstreamof themiRNA targeting
site. Small RNAs corresponding to sense and antisense strands
of PpARF and PpC3HDZIP1 mRNAs were present in the WT
but not in DPpDCL1b (Figure 3D and Figure S4).
Thus, in P. patens, transitive siRNAs arise from regions
upstream as well as downstream of the miRNA targeting motifCell 140, 1after cleavage of mRNAs. These siRNAs most
likely target mRNAs at additional sites, thus
generating the additional fragments observed
by 50 RACE. We did neither detect siRNAs in
DPpDCL1b or for a control mRNA (PpGNT1) in
the WT (Figures 3C and 3D), revealing that
generation of transitive siRNAs depends on
PpDCL1b and is specific for RNAs subject to
miRNA-directed cleavage. Biogenesis of these
transitive siRNAs involves RdRP-dependent
formation of dsRNA precursors as we could
synthesize cDNA from the antisense strand ofmiRNA target transcripts (Figure 3C) and detected transitive
siRNAs in sense and antisense orientation (Figure 3D). Thus,
biogenesis of transitive siRNAs in P. patens differs from biogen-
esis of secondary siRNAs in C. elegans, as these occur in
antisense polarity only because of unprimed de novo synthesis
by RdRP (Pak and Fire, 2007; Sijen et al., 2007).
DNA Methylation of Genes Encoding miRNA Targets
in DPpDCL1b
A. thaliana ago1 and dcl1 mutants are defective in miRNA-
directed cleavage or miRNA biogenesis, respectively, and thus
overaccumulate miRNA target transcripts (Ronemus et al.,
2006). Conversely, in DPpDCL1b, all miRNA targets analyzed
had reduced levels (Figure 4A and Figure S5A), although tran-
scripts were not cleaved. These unexpected findings hint at an
epigenetic control of genes encoding miRNA targets. Since
methylation of cytosine residues is associated with transcrip-
tional silencing in eukaryotes (Bender, 2004), we performed
methylation-specific PCR from five loci, four encoding miRNA
targets and one encoding PpGNT1 (Figures 4B–4E, Figure S5B,
and Figure S6A–S6E). Promoters of the five genes were unme-
thylated in the WT, whereas in DPpDCL1b the four promoters
of miRNA targets were methylated, but not the promoter of
PpGNT1 (Figure 4C). This was confirmed by sequencing the
PCR products from the PpARF promoter, demonstrating no
methylation in the WT and methylation of CpG residues in
DPpDCL1b (Figure S6A). Taken together, our experiments11–122, January 8, 2010 ª2010 Elsevier Inc. 113
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Figure 3. RNA Cleavage Products, Antisense Transcripts, and
Transitive siRNAs
(A) 50 RACE products of miRNA targets and a control transcript (PpGNT1) from
the WT and DPpDCL1b. Arrows mark products of the size expected for
cleavage products that were eluted, cloned, and sequenced. Numbers above
miRNA:target alignments indicate sequenced RACE products with the corre-
sponding 50 end.
(B) Scheme for the generation of transitive siRNAs. DsRNA is synthesized from
cleaved miRNA targets by RdRP, processed into transitive siRNAs that
mediate cleavage of the target RNA upstream and downstream of the miRNA
recognition motif. Black line, mRNA; gray box, miRNA binding site; curved line,
miRNA. Arrows indicate primers for RT-PCR, with gray indicating primers for
cDNA synthesis from antisense strand and black for sense strand.
(C) RT-PCR products derived from antisense or sense-specific cDNAs from
the WT and two DPpDCL1b mutants (KO1 and KO2).
(D) Detection of sense and antisense transitive siRNAs derived from PpARF
and PpC3HDZIP1 RNAs using hybridization probes targeting regions
upstream and downstream of the miRNA binding sites. U6snRNA served as
a control.
See Figure S4 for complete images of blots including size markers.
114 Cell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc.show that targeted disruption of the PpDCL1b gene led to loss of
miRNA-directed mRNA cleavage accompanied by specific
epigenetic changes in genes encoding miRNA targets.
While it is well known that siRNA pathways govern DNAmeth-
ylation in A. thaliana, e.g., at repeat-associated loci (Cokus et al.,
2008; Herr et al., 2005; Lister et al., 2008), only one study
suggests a function of miRNAs in gene silencing: normally
methylated DNA sequences downstream of the miRNA comple-
mentary motif became hypomethylated in plants with dominant
alleles of PHB and PHV, encoding targets of miR165/166, while
the promoters remained unmethylated (Bao et al., 2004). The
dominant alleles alter the miRNA targeting motif, so that the
mRNAs are no longer miRNA targets. Like AtPHB and AtPHV,
the moss genes PpC3HDZIP1 and PpHB10 harbor an intron in
the miRNA binding site (Figure S5B), whereas the miRNA target-
ing motif of PpARF is not disrupted. Similar to the promoters,
PpC3HDZIP1 and PpARF sequences flanking the miRNA
targeting motif as well as the disrupting intron in PpC3HDZIP1
were CpG methylated in DPpDCL1b but not in the WT (Figures
4D and 4E, and Figure S6B–S6E).
To study whether this hypermethylation in DPpDCL1b leads to
transcriptional silencing, we performed nuclear run-ons. When
compared to the WT, transcription rates of genes encoding
miRNA targets were reduced in DPpDCL1b, whereas transcrip-
tion rates of the unmethylated PpGNT1 control gene were similar
in the WT and mutants (Figure 4F and Figure S6F). Thus, we
conclude that hypermethylation of genes encoding miRNA
targets in DPpDCL1b downregulates their expression, hence
accounting for the reduced levels of their mature RNAs.
A possible scenario for these findings is that PpDCL1b is
pivotal for a cleavage competent RISC and that in DPpDCL1b
miRNAs are not loaded to RISC but to an RNA-induced tran-
scriptional silencing (RITS) complex that induces methylation
and subsequent downregulation of the corresponding genes.
As the sequences encoding the future miRNA binding site are
disrupted by introns in PpC3HDZIP1 and PpHB10 it is unlikely
that their methylation in DPpDCL1b is initiated by miRNA:DNA
hybrids. Instead, the miRNA-loaded RITS complex may interact
with target mRNAs forming stable miRNA:mRNA duplexes.
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Figure 4. Expression of miRNA Target Genes, DNA Methylation, and miRNA:mRNA Duplexes
(A) RNA blot analysis of genes encoding miRNA targets (PpARF, PpC3HDZIP1, PpHB10, PpSBP3) and control genes (PpGNT1 and PpEF1a) in the WT
and DPpDCL1b mutants (1–4). Hybridization signals were normalized to PpEF1a and transcript levels relative to the WT are indicated. See Figure S5A for an
independent expression analysis by qRT-PCR.
(B) Specificity analysis of bisulfite PCR using primers specific for unmodified sequences. PCR was performed with untreated and bisulfite-treated genomic DNA
of the WT and two DPpDCL1b mutants (KO1 and KO2).
(C–E) PCR reactions with bisulfite-treated genomic DNA using methylation-specific (MSP) and unmethylation-specific (USP) primers.
(C) Bisulfite PCR for promoters of genes encoding miRNA targets and the PpGNT1 control.
(D) Bisulfite PCR analysis of PpARF sequences surrounding the miR160 targeting motif. See Figure S5B for gene structures and Figure S6A–S6E for nucleotide
sequences of PCR products obtained from bisulfite PCR of the PpARF gene.
(E) Bisulfite PCR analysis of PpC3HDZIP1 sequences upstream of, the intron disrupting, and downstream of the miR166 targeting motif. Arrows in (C)–(E) mark
primer bands.
(F) Relative transcription rates of genes encoding miRNA targets and of PpGNT1 in the WT and in DPpDCL1b determined by nuclear run-ons. Hybridization
signals were normalized to PpEF1a and transcription rates in the WT were set to 1. See Figure S6F for images of hybridized membranes.
(G) PCR products of miRNA targets using cDNA synthesized from the WT and two DPpDCL1b mutants (1 and 2) without exogenous primers. For the PpGNT1
control PCR products were detected from neither theWT nor DPpDCL1b (data not shown). A PpEF1a primer for cDNA synthesis was added as internal control to
all reactions.
(H) The same experiment performed with RNA samples that had been heated for 5 min to 95C prior to cDNA synthesis. The control PpEF1a primer was added
after cooling of the RNA samples.Subsequently, these duplexes could guide the RITS complex to
the corresponding genomic regions, initiate and spread DNA
methylation.
If stable miRNA:mRNA duplexes exist, they should prime
cDNA synthesis without exogenous primers. In support of this
scenario, we obtained RT-PCR products from unprimed cDNA
synthesis for all miRNA targets examined but not for a control
transcript in DPpDCL1b. No such products were obtained with
RNA from the WT (Figure 4G). In addition, from DPpDCL1b no
PCR products were obtained with primers located downstream
of the miRNA targeting site. As a further control, we heated theRNA samples prior to cDNA synthesis. This should lead to
denaturation of miRNA:mRNA complexes and hence eliminate
priming. Indeed, this setup prevented amplification of PCR
products from DPpDCL1b (Figure 4H). These findings point at
the presence of base-paired miRNA:mRNA duplexes in
DPpDCL1b but not in the WT.
To further scrutinize our hypotheses of transitivity and miRNA-
dependentDNAmethylation,we analyzed the ta-siRNApathway.
After miR390-mediated cleavage of TAS precursors the RNA
cleavage products are converted into dsRNA and further
processed into ta-siRNAs (Axtell et al., 2006; Talmor-NeimanCell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc. 115
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Figure 5. The ta-siRNA Pathway
(A) 50 RACE-PCRs from the WT and DPpDCL1b mutants (1–4)
for miR390 target PpTAS4 and ta-siRNA target PpEREBP/
AP2. Arrows mark products of the size expected for cleavage
products that were eluted from the gel, cloned, and
sequenced. The number of sequenced RACE-PCR products
with the corresponding 50 end is indicated above the alignment.
(B) ta-siRNAs derived from PpTAS4 and transitive siRNAs
derived from PpEREBP/AP2. U6snRNA served as a control.
See Figure S7 for complete images of blots including size
markers.
(C) RNA blots for PpTAS4 and PpEREBP/AP2 transcripts.
EtBr staining as loading control below.
(D) Bisulfite PCR with methylation-specific (MSP) and unme-
thylation-specific (USP) primers for PpTAS4 and PpEREBP/
AP2. Arrow marks primer dimers.et al., 2006). In P. patens, the mRNA encoding an EREBP/AP2
transcription factor is targeted by one of the ta-siRNAs derived
from the TAS4 precursor (Talmor-Neiman et al., 2006). TAS4
RNA cleavage products were detected by 50 RACE-PCR in the
WT but not in DPpDCL1b (Figure 5A), although miR390 was
present in equal amounts in both (Figure 2C). Furthermore,
ta-siRNAs of both sense and antisense orientation were present
in the WT but undetectable in DPpDCL1b (Figure 5B and
Figure S7), confirming the requirement of PpDCL1b for initiation
of the ta-siRNA pathway.
In agreement with our findings for other miRNA targets, TAS4
transcript levels were reduced (Figure 5C) and the TAS4 gene
was methylated in DPpDCL1b only (Figure 5D). If, similar to
miRNAs, ta-siRNA-mediated cleavage of target RNAs initiates
the generation of transitive siRNAs, the lack of ta-siRNAs in
DPpDCL1b should abolish both cleavage of EREBP/AP2
mRNA and generation of transitive siRNAs. Consistent with
this, EREBP/AP2 mRNA was cleaved in the WT but not in
DPpDCL1b (Figure 5A), and only the WT produced EREBP/
AP2 mRNA-derived siRNAs in sense and antisense orientation
(Figure 5B and Figure S7). These observations indicate that
siRNA-dependent amplification of target RNA degradation
initially triggered by ta-siRNA- or miRNA-guided cleavage is a
common phenomenon in P. patens. In addition, in contrast to
direct miRNA targets, EREBP/AP2 mRNA levels should be
elevated in DPpDCL1b, as stable ta-siRNA:mRNA duplexes
that could initiate silencing of the corresponding gene should
be absent. Indeed, EREBP/AP2 mRNA levels were increased
in DPpDCL1b (Figure 5C) and the corresponding gene was
methylated in neither the WT nor DPpDCL1b (Figure 5D).116 Cell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc.Dependence of DNA Methylation
on miRNA Levels
We propose that miRNA:target-RNA duplexes lead
to methylation and subsequent downregulation of
the corresponding genes in DPpDCL1b. To gain
more insight into this mechanism, we generated
transgenic lines that express different levels of an
artificial miRNA (amiRNA) targeting the control
gene PpGNT1.
An amiRNA against PpGNT1was engineered into
the A. thalianamiR319a precursor (Khraiwesh et al.,2008) and transfected into the WT and DPpDCL1b (Figure 6A).
RNA blots confirmed precise maturation of amiR-GNT1 in the
transformed lines, independent of expression level (Figure 6B
and Figure S8D). The expected PpGNT1 mRNA cleavage prod-
uctswerepresent in theWTandabsent inDPpDCL1b (Figure 6C).
As a consequence, PpGNT1 transcript levels were reduced in
amiR-GNT1 WT plants and even lower in the DPpDCL1b back-
ground, despite abolished amiRNA-directed cleavage of
PpGNT1 RNA in the latter (Figure 6D). Consistent with our model
ofmiRNA-dependent epigenetic silencing, thePpGNT1promoter
was methylated in DPpDCL1b (Figure 6E and Figure S8A).
Beyond that, we observed methylation of this promoter in a WT
line with high amiR-GNT1expression levels (line #2) but not in
a line with low amiR-GNT1 levels (line #1) (Figure 6E and Fig-
ure S8A). Thus, methylation and subsequent silencing of miRNA
target loci is not limited to DPpDCL1b but also occurs in the
P. patensWT and is miRNA-dosage dependent.
Therefore, we hypothesized that the ratio of a miRNA to its
target RNA is crucial for induction of DNA methylation at the
target locus. If miRNA concentrations exceed a threshold,
the miRNA may either interact directly with its target and the
duplex might then be recruited to a DNA methylation silencing
complex or the excess miRNA might be loaded into an effector
complex such as RITS, triggering duplex formation that directs
DNA methylation. We obtained supporting evidence for the
expected amiR-GNT1:PpGNT1-mRNA duplexes by cDNA syn-
thesis without exogenous primers and subsequent PCR from
DPpDCL1b and from aWT line with high levels of amiRNAs while
this was impossible from a WT line accumulating moderate
amounts of amiR-GNT1 (Figure 6F).
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Figure 6. Lines Expressing amiR-GNT1 and Analysis of miR1026 Target PpbHLH
(A) PCR-based identification of transgenic lines harboring a PpGNT1-amiRNA expression construct in the WT (lines #1 and #2), DPpDCL1b mutant 1 (lines #3
and #4), and DPpDCL1b mutant 2 (lines #5 and #6) backgrounds. PpEF1a served as a control.
(B) Detection of amiR-GNT1 by RNA blot loaded with 50 mg total RNA. U6snRNA served as a control. See Figure S8D for complete images of blots including
size markers.
(C) Cleavage mapping of PpGNT1 in amiR-GNT1 lines by 50 RACE-PCR. The number of sequenced RACE-PCR products with the corresponding 50 end is
indicated above the alignment.
(D) RNA blot of WT and amiR-GNT1 lines probed for PpGNT1. Hybridization signals were normalized to rRNA. Levels relative to the WT are indicated.
(E) Bisulfite PCR on genomic DNA from amiR-GNT1 lines using methylation-specific (MSP) and unmethylation-specific (USP) primers derived from the PpGNT1
promoter. See Figure S8A for nucleotide sequences of PCR products obtained from bisulfite PCR.
(F) RT-PCR to detect amiR-GNT1:PpGNT1-mRNA duplexes using cDNA synthesized without exogenous primers. PCR was carried out with a primer pair
upstream of the amiR-GNT1 target motif. Amplification controls as in Figures 4G and 4H. Arrows mark primer dimers.
(G) RNA blots with 20 mg total RNA from untreated (Untr.) and ABA-treated WT using probes for PpbHLH, the loading control PpEF1a and PpCOR47, a known
ABA-induced gene. PpbHLH levels were normalized to PpEF1a. Relative PpbHLH RNA levels compared to the WT are given.
(H) RNA blot with 50 mg total RNA from untreated (Untr.) and ABA-treated WT. MiR1026 levels were normalized to U6snRNA. Numbers indicate miR1026 levels
relative to the WT. See Figure S8D for complete images of blots including size markers.
(I) 50 RACE-PCR for PpbHLH using RNA from untreated (Untr.) andWT treated for 4 hr with ABA. Arrowsmark products of the size expected for cleavage products
that were eluted from the gel, cloned, and sequenced. Numbers above miRNA:target alignments indicate sequenced RACE-PCR products with the correspond-
ing 50 end.
(J) Bisulfite PCR reactions on DNA from untreated (Untr.) and ABA-treated WT with methylation-specific (MSP) and unmethylation-specific (USP) primers
targeting PpbHLH genomic sequences. PpGNT1 promoter served as control. Arrows mark primer dimers. See Figures S8B and S8C for nucleotide sequences
of PCR products obtained from bisulfite PCR.
(K) RT-PCR to detect miR1026:PpbHLH-mRNA duplexes using cDNA synthesized without exogenous primers. PCR was carried out with a primer pair upstream
of the miR1026 binding site. Amplification controls as in Figure 4G and 4H. Arrows mark primer dimers.Hormone-Dependent DNA Methylation
So far, we have found evidence for miRNA-directed epigenetic
silencing in a knockout mutant and in a transgenic WT that
ectopically expresses high levels of an amiRNA. If the proposed
mechanism of gene regulation is of general relevance, at least inmoss, it should be detectable in the nontransgenic WT under
physiological conditions as well.
The plant hormone abscisic acid (ABA) repressesmRNA levels
of a gene (PpbHLH) encoding a basic helix-loop-helix transcrip-
tion factor (Richardt et al., 2009). The PpbHLH mRNA wasCell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc. 117
predicted as target of miR1026 (Axtell et al., 2007). ABA is
a potent regulator of abiotic stress signaling pathways in plants
including moss (Frank et al., 2005b). Northern blots confirmed
downregulation of PpbHLH in response to ABA (Figure 6G).
This effect correlated with an ABA-induced increase of
miR1026 levels (Figure 6H and Figure S8D). MiR1026-mediated
cleavage of PpbHLH transcripts was confirmed by 50 RACE
(Figure 6I), revealing a regulatory circuit between ABA, PpbHLH,
and miR1026. Further, upon ABA treatment, the PpbHLH gene
was methylated at CpG sites (Figure 6J, and Figures S8B and
S8C), mirroring the methylation patterns we found in DPpDCL1b
and in the WT ectopically expressing high levels of amiRNA. The
promoter of the control gene PpGNT1 was unmethylated in the
nontransgenic WT regardless of ABA treatment (Figure 6J).
However, under these physiological conditions, methylation of
the PpbHLH gene was not quantitative, as unmethylation-
specific primers allowed some, albeit inefficient, PCR amplifica-
tions from ABA-treated samples. These findings appear to
support our model, as we propose that DNA methylation is
initiated only if miRNA levels exceed a threshold. In line with
this, we obtained evidence for stable miR1026:PpbHLH-mRNA
duplexes by unprimed RT-PCR. Consistent with the DNA meth-
ylation status, such duplexes were only found in ABA-treated
samples (Figure 6K).
DISCUSSION
We have shown that in P. patens epigenetic silencing of genes
encoding miRNA target RNAs contributes to the control of
gene expression. Although we initially discovered this phenom-
enon in DPpDCL1b, subsequent analyses of the miR1026/
PpbHLH regulon confirmed that this type of miRNA-dependent
transcriptional control operates also in the WT under physiolog-
ical conditions.
Our studies suggest that PpDCL1a is the functional ortholog of
AtDCL1 required for miRNA and ta-siRNA biogenesis. Although
PpDCL1b shares a similar level of sequence identity, it has a
different function, as its deletion does not affect miRNA biogen-
esis but abolishes miRNA-directed target cleavage. It is unlikely
that PpDCL1b directly cleaves RNAs as AGO proteins in RISC
are the catalytic enzymes in sRNA-dependent target cleavage
(MacRae et al., 2008). Biochemical analysis of AGO1 complexes
from A. thaliana dcl1-7, dcl2-1 and dcl3-1 mutants provided
evidence for distinct functional properties. An AGO1 complex
extracted from dcl1-7 mutants was not able to cleave RNA
targets because of the lack of 21 nt RNA accumulation in
this mutant. In contrast, cleavage of RNA targets was not
affected in AGO1 complexes from dcl2-1 and dcl3-1 mutants
(Qi et al., 2005). Furthermore, purification of AtAGO1 revealed
an 160 kDa complex, most likely only consisting of AGO1
and associated sRNA (Baumberger and Baulcombe, 2005).
Thus, there is so far no evidence for a role of plant DCL proteins
in sRNA-mediated target cleavage. In contrast, studies in
animals have shown that Dicer proteins are part of the RNA
loading complex (RLC) that loads sRNAs into RISC. Human
RLC comprises the proteins Ago2, Dicer, and TRBP, and the
purified components assemble spontaneously in vitro without
any cofactors. The reconstituted RLC is functional and once118 Cell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc.Ago2 is loaded with a miRNA it dissociates from the rest of the
complex (MacRae et al., 2008). Similarly, Dcr-2 from D. mela-
nogaster, which produces siRNA, acts in RISC assembly
together with R2D2 by loading one of the two siRNA strands
into RISC (Liu et al., 2003; Tomari et al., 2004). The C. elegans
homolog of this protein, RDE-4, likewise interacts with Dicer
(Tabara et al., 2002). Given this particular function of animal
Dicers, P. patensDCL1bmay equivalently act in loading miRNAs
into RISC. Whatever the precise function of this protein is, our
results revealed its pivotal role for miRNA-directed target
cleavage.
As we found no transitive siRNAs derived from miRNA and
ta-siRNA targets in DPpDCL1b, it is tempting to speculate
that PpDCL1b is involved in the generation of these siRNAs.
A. thalianaDCL2 is essential for transitive silencing of transgenes
(Mlotshwa et al., 2008; Moissiard et al., 2007). As no AtDCL2
homolog is encoded by the P. patens genome, PpDCL1b may
function in siRNA production. Although we cannot exclude the
possibility that PpDCL1b generates transitive siRNAs from
double-stranded miRNA and ta-siRNA targets, we favor the
scenario that miRNA-mediated cleavage of transcripts is
essential for the onset of transitivity in P. patens and that the
lack of transitive siRNAs in DPpDCL1b is caused by a lack of
miRNA target cleavage.
In A. thaliana dcl1 and ago1 mutants, which are affected in
miRNA biogenesis or miRNA-directed target cleavage, respec-
tively, levels of miRNA targets are elevated (Ronemus et al.,
2006). Likewise, levels of miRNA targets are increased in
DPpDCL1a because of the lack of miRNAs. In contrast, levels
of miRNA targets are drastically reduced in DPpDCL1b, in spite
of abolished target cleavage. We found methylation of the
corresponding genes in these mutants, suggesting together
with evidence from nuclear run-ons an epigenetic control at
the transcriptional level. Small RNAs initiate transcriptional
silencing of homologous sequences by methylation of cytosine
residues at CpG, CpNpG, and CpHpH motifs or by histone
modifications (Bender, 2004; Cao and Jacobsen, 2002). In all
genes analyzed in DPpDCL1b, we solely detected methylation
at CpG, although we cannot exclude that methylation also
occurs in different sequence contexts in other regions. More-
over, we detected methylation of the genes encoding miRNA
targets in introns, exons, and promoters, pointing to methylation
that is able to spread over long distances.
Although spreading of siRNA-directed DNA methylation into
adjacent nonrepeated sequences is not common in A. thaliana,
siRNA-mediated spreading of DNA methylation was found in
the SUPPRESSOR OF drm1 drm2 cmt3 (SDC) locus, where
methylation spreads beyond siRNA generating repeat regions
present in the promoter (Henderson and Jacobsen, 2008). In
A. thaliana, methylation can also spread in the PHV and PHB
genes that are targets of miR165/166 (Bao et al., 2004). In both
genes, the miR165/166 complementary motif is disrupted by
an intron and the coding sequences were heavily methylated
downstream of the miRNA complementary site in differentiated
but not in undifferentiated cells ofWT plants. Furthermore, meth-
ylation is reduced in phv-1d and phb-1dmutants, which have an
altered miRNA recognition motif or a mutation in the intron splice
donor sequence, suggesting that miR165/166 needs to bind
to nascent PHV and PHB transcripts to trigger gene silencing
(Bao et al., 2004).
Similarly, the P. patens genes PpC3HDZIP1 and PpHB10 are
targeted by miR166 and its binding sites are only reconstituted
after splicing of the primary transcripts. Both loci are hyperme-
thylated in DPpDCL1b but not in the WT, suggesting that
initiation of methylation upon defective target cleavage is not
mediated by miR166 but involves interaction of miR166 with its
target RNAs. We obtained evidence for the presence of stable
duplexes of a miRNA and its target RNA in DPpDCL1b and
propose that these duplexes guide a DNAmodification complex.
In A. thaliana RNA-directed DNA methylation (RdRM) by
siRNAs requires RDR2, DCL3, and RNA PolIVa, which are all
involved in siRNA biogenesis (Herr et al., 2005; Kanno et al.,
2005; Onodera et al., 2005; Pontier et al., 2005; Xie et al., 2004),
whereas AGO4, DRM2, DRD1, and RNA PolIVb are necessary
for DNA methylation (Cao and Jacobsen, 2002; Kanno et al.,
2005; Zilberman et al., 2004). P. patens encodes six AGO homo-
logs (Axtell et al., 2007). Three of them cluster with AGO1 from
A. thaliana and are under control of miR904, reminiscent of the
autoregulatory control of AtAGO1 by miR168. Thus, it is likely
that they are components of a P. patensmiRNA-RISC. The other
threemossAGOparalogs clusterwithArabidopsisAGO6, AGO4,
AGO9, and AGO8 (supported by a bootstrap value of 99). Thus, it
is unclear which of these P. patens proteins is functionally equiv-
alent to AtAGO4. Furthermore, we cannot rule out functional
redundancies between them.
In fission yeast, RNA-directed heterochromatic gene silencing
at centromeres relies on two complexes, the RITS complex with
Ago1, Chp1, and TAS3, and the Argonaute siRNA chaperone
complex (ARC) with Ago1, Arb1, and Arb2. However, these
complexes are required to direct histone methylation, but do
not trigger DNA methylation. Nevertheless, it was suggested
that their action involves the recognition of nascent transcripts
by RITS-bound siRNAs to promote recruitment of chromatin-
modifying enzymes that implement silencing (Bu¨hler et al.,
2006; Motamedi et al., 2004). So far, chromatin immunoprecipi-
tation with subsequent unprimed RT-PCR was not successful in
our hands, most probably because heat-induced reversal of
crosslinking also denatures miRNA:RNA duplexes. Thus, it re-
mains open whether the miRNA:target-RNA duplexes observed
here form from nascent or from mature transcripts.
We detected specific silencing of genes encoding miRNA
targets not only in a targeted knockout mutant but also in the
P.patensWT,where the expression of amiR-GNT1causedmeth-
ylation of PpGNT1. Methylation of this gene was dependent on
high amiR-GNT1 abundance. Likewise, amiR-GNT1:PpGNT1-
mRNA duplexes were characteristic for lines with high amiRNA
levels, supporting the model that miRNA:target-RNA duplexes
are required for gene-specific DNAmethylation. Finally, we found
that the PpbHLH gene encoding a miR1026 target was methyl-
ated in response to ABA. As with amiR-GNT1 and its target,
DNA methylation was miR1026 dosage-dependent and
appeared to correlate with the formation of miR1026:PpbHLH-
mRNAduplexes. As ABA is amediator of abiotic stress signaling,
we suggest that miR1026-regulated silencing of PpbHLH is part
of stress adaptation in the P. patens WT under physological
conditions.In plants, epigenetic changes in response to stress include
DNA methylation, histone modifications, and chromatin remod-
eling (Boyko and Kovalchuk, 2008; Dyachenko et al., 2006;
Henderson and Dean, 2004). In addition to that, our analysis of
the miR1026:PpbHLH regulon suggests that miRNAs also act
in the epigenetic control of stress-responsive genes.
Taken together, we propose that epigenetic gene silencing
can be triggered by duplexes of a miRNA and its target RNA,
being either anmRNA or a primary TAS transcript. This transcrip-
tional control of genes encoding miRNA target RNAs discovered
in P. patens presents a new mechanism to affect the homeo-
stasis of miRNA-regulated RNAs (Figure 7). Recently, two
studies found an involvement of miRNAs in transcriptional
gene silencing in mammals (Gonzalez et al., 2008; Kim et al.,
2008) but the proposed mechanisms differ from the model
presented here. The precursor of human miR-320 is encoded
in antisense orientation proximal to the transcription start site
of the POL3RD gene, suggesting a cis-regulatory function of
miR-320. Evidence for this scenario was obtained from transfec-
tion of HEK293 cells with miR-320 which caused transcriptional
silencing of POL3RD (Kim et al., 2008). Epigenetic changes such
as DNA methylation or histone modifications were not analyzed
(Kim et al., 2008). Gonzalez et al. (2008) reported on the role of
mammalian miRNAs in repressing promoter activity, which
requires promoter-overlapping transcription and the presence
of miRNA seed-matches in the transcribed strand of the
promoter. In addition to quite different underlying mechanisms
of miRNA action, we note that these studies relied solely on
ectopic expression of miRNAs in cell culture.
Our model entails that the specific equilibrium of a cleavage-
competent RISC and a DNA-modifying RITS loaded with the
same miRNA determines the relative contribution of both path-
ways to miRNA-mediated downregulation of gene expression
in P. patens. In addition, siRNA-mediated transitivity as a major
factor in amplifying the original miRNA- and ta-siRNA-directed
cleavage signal appears to be more prevalent in this moss
than in A. thaliana. It seems not unlikely that similar modifications
and specializations of RNAi pathways will be found in other
eukaryotes as well.
EXPERIMENTAL PROCEDURES
Plant Material
Culture of P. patens, transformation, and molecular analyses were performed
according to Frank et al. (2005a). For hormone treatment 10 mM (±)-cis-trans
ABA was added to P. patens liquid cultures. DPpDCL1amutants were propa-
gated on full medium (Egener et al., 2002).
Generation of DPpDCL1a and DPpDCL1b Mutants
An nptII cassette was cloned into single restriction sites present in PpDCL1a
and PpDCL1b, respectively. The gene disruption constructs were transfected
into P. patens protoplasts and G418-resistant lines were analyzed by PCR to
confirm precise integration into the targeted genes. Loss of PpDCL1a and
PpDCL1b transcript, respectively, was confirmed by RT-PCR. The generation
of DPpDCL1a and DPpDCL1b mutants is described in detail in the Extended
Experimental Procedures and Figures S1 and S2.
P. patens Expressing amiR-GNT1
The generation of an amiRNA targeting PpGNT1 was described previously
(Khraiwesh et al., 2008). The amiRNA expression construct was transfectedCell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc. 119
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Figure 7. Model for Posttranscriptional and
Transcriptional Silencing of Genes Encod-
ing miRNA Targets
Whereas PpDCL1a acts in miRNA biogenesis,
PpDCL1b is pivotal for a cleavage-competent
RISC. At low miRNA:target-RNA ratios, gene
expression is regulated posttranscriptionally via
RISC. After loading of miRNAs into RISC, miRNA:
target-RNA duplexes form on the basis of
sequence complementarities, resulting in target
RNA cleavage. Amplification of the miRNA signal
by transitive siRNAs occurs. Targeted deletion of
the PpDCL1b gene abolishes this pathway in the
mutant and leads to gene silencing via RITS. In
the WT, hormone treatment enhances miRNA
levels and thus increases miRNA:target-RNA
ratios. In addition to loading miRNA into RISC,
miRNAs form duplexes with their target RNAs.
Highly abundant miRNAs are either loaded into
a RITS complex and subsequently interact with
their target to form a duplex, or these duplexes
are formed at first and then loaded into RITS.
The miRNA:RNA duplexes bound by RITS initiate
DNA methylation at complementary genomic
loci. The RITS complex is able to spread CpG
methylation over the entire locus.into theP. patensWTandDPpDCL1b. The generation of amiR-GNT1-express-
ing lines is described in detail in the Extended Experimental Procedures.
RT-PCR of Small RNAs
RT-PCR analyses of miRNAs and ta-siRNAs was carried out as described
(Varkonyi-Gasic et al., 2007). Primers for cDNA synthesis and subsequent
PCR reactions are reported in Table S1.
DNA Methylation Analysis
DNA sequences were analyzed with the MethPrimer program (Li and Dahiya,
2002) to deduce methylation-specific (MSP) and unmethylation-specific
(USP) primers for PCR of bisulfite-treated DNA. Two micrograms of genomic
DNA were used for sodium bisulfite treatment with the EpiTect Bisulfite Kit
(QIAGEN). DNA methylation analysis and primer sequences are reported in
Table S1.
Nuclear Run-on Assay
Isolation of nuclei from 4 g protonema of the P. patensWT and twoDPpDCL1b
mutants and subsequent run-on transcription assays using 3 3 106 nuclei
each were carried out according to Folta and Kaufman (2006). Radiolabeled
RNA was hybridized to blots spotted with 3 mg of denatured gene-specific
cDNA fragments of PpEF1a, PpGNT1, PpC3HDZIP1, PpHB10, PpSBP3,
and PpARF and a negative control cDNA fragment of the bacterial zeocin
gene (Sh ble), respectively. Blot hybridization was carried out at 65C in
0.05 M sodium phosphate (pH 7.2), 1 mM EDTA, 63 SSC, 13 Denhardt’s,
and 5% SDS. Blots were washed at 65C twice with 23 SSC and 0.2% SDS
and once with 13 SSC and 0.1% SDS. Hybridization signals were quantified
with the Quantity One Software and normalized to PpEF1a. Oligonucleotides
for amplification of cDNA fragments are reported in Table S1.
Detection of miRNA:mRNA Duplexes
CDNA was synthesized from 4 mg total RNA with Superscript III (Invitrogen)
without adding primers, except a primer specific for the PpEF1a transcript
to monitor cDNA synthesis efficiency. Gene-specific primers located
upstream of miRNA binding sites that were used for RT-PCRs are reported
in Table S1.120 Cell 140, 111–122, January 8, 2010 ª2010 Elsevier Inc.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,
eight figures, and one table and can be found with this article online at
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